Abstract. We present a novel cortical correspondence method employing group-wise registration in a spherical parametrization space for the use in local cortical thickness analysis in human and non-human primate neuroimaging studies. The proposed method is unbiased registration that estimates a continuous smooth deformation field into an unbiased average space via sulcal curve-constrained entropy minimization using spherical harmonic decomposition of the spherical deformation field. We initialize a correspondence by our pair-wise method that establishes a surface correspondence with a prior template. Since this pair-wise correspondence is biased to the choice of a template, we further improve the correspondence by employing unbiased ensemble entropy minimization across all surfaces, which yields a deformation field onto the iteratively updated unbiased average. The specific entropy metric incorporates two terms: the first focused on optimizing the correspondence of automatically extracted sulcal landmarks and the second on that of sulcal depth maps. We also propose an encoding scheme for spherical deformation via spherical harmonics as well as a novel method to choose an optimal spherical polar coordinate system for the most efficient deformation field estimation. The experimental results show evidence that the proposed method improves the correspondence quality in non-human primate and human subjects as compared to the pair-wise method.
Introduction
Group analysis of cortical properties such as cortical thickness is an important task for monitoring brain growth, investigating anatomic connectivity, and discovering cortical disease patterns. A prerequisite to such tasks is to establish a consistent cortical correspondence across a population of subject cortices. However, the high variability of the cortical folding patterns provides a significant challenge to the computation of such an inter-subject cortical correspondence over the entire cortical surface.
There have been two main approaches to the cortical correspondence computation, based either on volume images or on cortical surface models. A cortical correspondence is more likely to be enhanced via surface registration on a cortical surface model due to its geometric property preservation of the cortex, while volume-based approaches using only image intensities are hard to sufficiently characterize the cortical regions for a localized vertex or voxel-wise analysis. Moreover, since the choice of invariant features across a population is essential for a consistent correspondence, folding patterns along central sulcal fundic regions can be used as features due to their relatively reduced variability. Studies on sulcal fundic region recognition and sulcal folding pattern analysis were presented in [6, 11, 5] .
Several researchers proposed cortical registration via a spherical mapping to the template space in a pair-wise registration manner [14, 13, 8] . In [3] , an iterative registration scheme was introduced, which updates the initial template for better correspondence establishment. The study presented by Van Essen [12] even applied to non-human primate subjects. Lyu et al.
[4] also proposed a spherical mapping that uses spherical harmonic decomposition for correspondence interpolation by taking advantage of its convenient, global representation of the deformation field. In general, however, these pair-wise registration methods are inherently biased to the template surface, which is undesirable for the group analysis purpose.
To take account of variance of the cortical properties over pair-wise methods, Cates et al. [1] proposed particle-based registration on cortical surface models without using a template model or prior information. Later, Oguz et al. [7] further enhanced the particle-based registration by incorporating curvature features, showing the improved correspondence via the analysis of cortical thickness over the entire cortical surface. However, these methods did not incorporate gyral/sulcal patterns nor did they provide explicit estimation of a deformation field between subjects, rather with a particle-based correspondence that implicitly defines a deformation model without guarantee of topology preservation.
In this paper, we propose a fully automatic group-wise cortical correspondence method evaluated on both macaque and human cortical surfaces. We initially compute a pair-wise correspondence to the given template surface and further improve the correspondence across a population via ensemble entropy minimization without employing any template surface. In particular, we use spherical harmonic decomposition to continuously represent the correspondence over the entire cortical surface by using a metric that incorporates errors over sulcal landmarks and sulcal depth maps. We also propose a novel spherical polar coordinate system to avoid a distorted representation of the deformation field. In summary, the main novelties presented here are: 1) group-wise cortical correspondence using an explicit deformation field, 2) optimal pole selection for a smooth
